This study evaluates the degradation of six different elastomeric polymers used for O-rings: EPDM, FEPM, type I-and II-FKM, FFKM, and FSR, in five different simulated geothermal environments at 300°C: 1) non-aerated steam/cooling cycles, 2) aerated steam/cooling cycles, 3)
Introduction
Elastomeric materials used as non-metallic pump bearings in geothermal environments offer several advantages over metallic bearings. Firstly, they can be lubricated with water instead of oil, abating environmental issues. Secondly, they possess high resilience and stiffness, absorbing impact-or shock-loads without permanent deformation. Thirdly, these materials have low 3 friction and excellent corrosion-resistance. Finally, their original dimensions are readily restored after localized deflections caused by passing mineral particles.
Fluoroelastomers are of particular interest because of their thermal resistance, demonstrated both in laboratory and field studies [1] [2] [3] . However, for geothermal applications such as submerged pumps, a combination of thermal and chemical stability of elastomers is necessary. Several studies have focused on chemical degradation of FKM in aggressive aqueous environments [1, [4] [5] [6] . They revealed de-crosslinking, formation of carbonyl groups followed by backbone cleavage, [6] and reactions with metal cations such as Na + , Fe 2+, Mg 2+ , and Ca 2+ present in geo-fluid, with the formation of polyfluorocarboxylate complexes with scale deposition on the surface [4] . Such sensitivity to the chemical environment compromised the thermal stability and mechanical properties of the elastomer.
On the other hand, there are many different-types of commercial fluorocarbon-based elastomeric materials that can withstand temperatures above 200°C [7] [8] [9] [10] ; among them are type II FKM terpolymers, consisting of polyvinylidene fluoride (VDF), hexafluoropropylene (HFP), and tetrafluoroethylene (TFE), the type III FKM tetrapolymer, comprising VDF, HFP, TFE, and perfluoromethylvinylether (PMVE), the FEPM copolymer consisting of TFE and propylene (P), the fluorosilicone copolymer (FSR) composed of polysiloxane (PS) and trifluoropropylpolysiloxane (TFPPS), and the perfluorocarbon copolymer (FFKM) that includes TFE and PMVE. Further, some geothermal wells have down-hole temperatures over 250°C in addition to harsh chemical environments containing highly concentrated corrosive CO 2 (g) -and H 2 S (g) -derived acids. Drilling tool components, such as O-rings, gaskets, seals, and packers, are exposed not only to environments containing these corrosive gasses, but also encounter waterbased drilling fluids, which contain organic compounds, in the down-hole well reservoir [11] . properties. Obtaining information on these factors was accomplished using ATR-FTIR, TGA, micro-energy dispersive X-ray spectroscopy, and modulus profile testing, in conjunction with visual observations of the changes in the O-ring's appearance.
Experimental procedures

Materials
Elastomers with the following chemistries were tested: 1) a hydrocarbon-based polymer (poly(ethylene-co-propylene-co-5-ethylidene-2-norbornene, EPDM) and a copolymer of hydrocarbon and a fluorocarbon monomers (poly[tetrafluoroethylene (TFE)-co-propylene (P) copolymer, FEPM); 2) co-and terpolymers of fluorocarbons and hydrocarbon monomers with O-rings were not pure elastomers but composite materials. Table 1 gives their compositions expressed in atomic percent of oxides (the total amount of measured oxides set at 100%). Figure 1 . Chemical structures of the elastomeric polymers used in the study.
Measurements
Five different exposure environments were employed in this work. Tables 2 and 3 respectively; all the chemicals were provided by Sigma-Aldrich and deionized water was used for all the tests. Details of the first testing procedure were as follows. water-soaked napkin to remove any non-adhering contaminants from their surfaces. All O-rings were dried in an oven at 90°C for 24 hours before conducting the post-test analyses. A micro energy-dispersive X-ray spectrometer (EDX) was used to explore whether these environments created micro-defects in O-rings, and to investigate the permeation depth of the ionic species from drilling and geo-brine fluids through O-rings. The µEDX analyses were performed on an area of 2.0 x 1.5 mm (3 mm 2 ).
To characterize changes in the stiffness of the O-rings exposed to different environments, elastic modulus profiles of each aged specimen were taken using a home-built instrument. The machine operates by scanning the surface with a parabolic tip at user-defined intervals (in this case, 0.2 mm) and uses displacement from a known force applied to each point on a sample to calculate inverse tensile compliance, which is proportional to the tensile (elastic) modulus [12] . Sample preparation included cross-sectioning O-rings, embedding the materials in epoxy, and polishing with a polishing wheel to achieve a smooth surface. As is evident in photos, the O-rings exposed to steam/cooling cycles of non-aerated and aerated Although the appearance of the O-rings exposed to the first four environments did not change, the ATR-FTIR measurements showed new bands assigned to carboxylate, COO-, asymmetric (V as COO-) stretching vibration [15] [16] [17] in the region of 1580-1534 cm -1 (EPDM) and at 1564 cm -1 (FEPM). Also, the spectra showed stretching vibration bands (V C=C ) at 1634 cm -1 (EPDM) [18] and 1650 cm -1 (FEPM) after exposure to aerated steam/cooling, drilling (both EPDM and FEPM) and geo-brine (FEPM) fluids. Thus the EPDM and FEPM O-rings appeared to undergo some oxidation with the formation of oxidation derivatives in these environments. Nevertheless, the CH bands at 2919/2920 and 2846/2852 cm -1 (EPDM/FEPM) and strong absorption bands of all TFE-and propylene-associated groups in FEPM were still present in the spectra of these O-rings.
Results and discussion
Elastomers with hydrocarbon chains (EPDM and FEPM)
11
The spectra of drilling-and geo-brine treated EPDM O-rings also had a prominent band at 1014 cm -1 perhaps due to the precipitation of a silicate (bentonite or other)-related scale layer [19, 20] .
This band was absent from spectra of FEPM O-rings exposed to drilling and geo-brine fluids,
suggesting that although the surface of the O-rings was oxidized, it seemed to resist the deposition of silicate scales.
On the other hand, the O-rings exposed to thermal cycles degraded completely (FEPM) or partially (EPDM) and their spectra showed almost complete disappearance of C-H-and CH 2 - heating/water quenching. These results are in agreement with reference [18] , which suggests degradation involving oxygen incorporation and chain scission, followed by reactions with the free radicals and deposition of derivatives of each polymeric section of the poly(ethylene-copropylene-co-5-ethylidene-2-norbornene) EPDM terpolymer structure ( Figure 4 ). Similarly, in the case of the FEPM, degradation in the thermal shock tests may be initiated at Poly-P unit while the CF and CF 2 bonds in the Poly TFE survive ( Figure 5 ) [21] [22] [23] .
To support the above information and evaluate changes in the thermal stability of the elastomers after the exposures to the aggressive environments, the thermal degradation of the O-rings was evaluated at temperatures of up to 700°C. The following information was collected: 1) the onset temperature of weight loss (T o ), 2) the maximum decomposition rate and its temperature (T max , DR max ), and 3) the percentage of the integrated decomposition rate during the entire thermal decomposition (IDR). Table 4 summarizes the information on decomposition temperatures and percent of the integrated decomposition rate for the tested O-rings. Material changes due to oxidation caused a decrease in the on-set temperature of weight loss for all EPDM and FEPM samples. Only the thermal behavior of the EPDM sample exposed to the geo-brine fluid was similar to the control, suggesting minor sensitivity of EPDM to that environment. FEPM O-rings demonstrated the fewest changes in thermal behavior after exposure to the drilling and geo-brine fluids. In agreement with the ATR-FTIR, data both EPDM and FEPM samples exposed to the thermal shock environment had the lowest decomposition onset temperatures of only 29°C
(EPDM) and 27°C (FEPM) (versus 118 and 152°C for the controls). The TGA of these samples showed a low rate of mass loss up to 700°C, typical of oxidized carbonaceous compounds. The reduction in the percent of the integrated decomposition rate loss was likely caused by the formation of oxidation derivatives along with the scission of hydrocarbon backbone chains.
14 According to the literature, [14] these derivatives convert into carbonaceous by-products that lead to the decrease of the integrated decomposition rate. The control FEPM O-ring modulus was more than 4 times higher than for EPDM (14 MPa vs.
MPa)
. Some edge softening of FEPM O-ring occurred after the exposures to the geo-brine and steam environments. Unlike for EPDM there was no FEPM hardening in geo-brine fluid.
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In agreement with other test results EPDM and FEPM demonstrated good resistance to all test environments except thermal shock. 
Elastomers with fluorocarbon and hydrocarbon bonds (FKM I and FKM II)
Types For both types I and II FKM, the appearance of the thermal-shock exposed O-rings was far better than the appearance of the O-rings exposed to drilling and geo-brine fluids (Figure 7f and 8f) .).
However, three oxidation derivatives , C=C, COO-, and COOH at 1752 cm -1 for FKM type I and at 1781 cm -1 for FKM Type II were evident in these samples along with declined intensity of C-H bands.
The TGA data of Type I and II FKM samples confirmed their poor resistance to the drilling and geo-brine fluids as these samples had significantly lower maximum decomposition rates and total weight loss than the control samples (Table 4) . On the other hand, their resistance to the thermal shock tests was considerably better than for elastomers with the hydrocarbon chains, such as 22 EPDM and FEPM. These data in conjunction with previous studies [4, 6, 26, 28, 29] suggest that the poly-VDF is the first to be oxidized in the structure of the tested FKM elastomers. As a result of this oxidation, derivatives containing C=O and COO -groups and hydrofluoric acid form.
The µEDX mapping of Type I FKM O-rings exposed to the drilling and geo-brine fluids showed
Ca permeation through the entire tested area (Figure 9 ). The amount of the calcium reacted with the O-ring was significantly higher after the exposure to the drilling fluid (white and red colors) than after the geo-brine fluid (green and yellow colors). Since there was no calcium permeation into the body of the EPDM O-ring, where, according to ATR-FTIR measurements, carboxyl presence was more important than in the FKM material, it is reasonable to assume that strong calcium permeation into the type I FKM O-ring was due to the calcium reaction with hydrofluoric acid accumulated in the degraded elastomer. The difference in the metal content of these O-rings may also play a role in calcium permeation (Table 1 ). 
Elastomers with fluorocarbon bonds (FFKM)
The FFKM elastomer does not have any hydrocarbon bonds. Figure 11 shows the ATR-FTIR spectra in the range between 1700 and 650 cm -1 , where the most changes took place, and the appearance of FFKM O-rings after exposure to the five environments. after the exposure to geo-brine fluid was assigned to the silicate scale. A new band between 1500 cm -1 and 1600 cm -1 was not identified; it could be a result of sample contamination in the oven.
The TGA data showed that there was a slight decrease in the temperatures of the decomposition onset for the FFKM O-rings after exposure to No.1-4 environments (Table 4) ; however, the total weight loss and the decomposition temperature ranges did not change significantly. In agreement with the ATR-FTIR data, the results suggest only a mild effect of the aggressive environments on the FFKM elastomer and its high resistance to the thermal shock tests.
The FFKM O-rings exposed to aggressive fluids were also analyzed for calcium permeation using µEDX. Figure 12 shows calcium measurements in the control and geo-brine exposed Orings where silicate scale deposition was observed. The control FFKM O-ring was Ca-free. 
Elastomers with fluorosilicone chemistry (FSR)
The tested FSR elastomer had a polysiloxane backbone chain with the side chains containing fluorocarbon and hydrocarbon groups (Figure 1) band. Figure 13 shows the ATR-FTIR spectra after exposure to the five environments and the appearance of the FSR O-ring after the No. 1 environment.
A dramatic change in spectral features was observed from the sample exposed to aggressive environments: most of the bands, except for an intensive V Si-O-Si signal and several V Si-C -related bands were eliminated, and no oxidation derivatives formed. This is the result of severe hydrothermal degradation of FSR. In fact, the O-ring was disintegrated. Several investigators have studied the mechanism of hydrothermal degradation for silicon rubber [36] [37] [38] [39] . They reported that three linkages within the FSR structure, Si-CH 3 (Table 4) . However, its undesirable vulnerability to all hydrothermal environments suggested that it would be very difficult to use this elastomer in geothermal fields. Thus, no further study was conducted with FSR.
Conclusions
Tests The tested O-rings were composite materials that included various additives, which likely affected their performance in the tested environments. The seven day exposures of tested elastomers do not provide sufficient data to draw conclusions on their long-term performance.
Further long-term exposures of select elastomers will be done in experiments in actual geothermal wells.
